Abstract-Glucagon-like peptide-1 receptor agonists, used to treat type 2 diabetes mellitus, are associated with small reductions in systolic blood pressure (SBP) and increases in heart rate. However, findings based on clinic measurements do not adequately assess a drug's 24-hour pharmacodynamic profile. The effects of dulaglutide, a once-weekly glucagon-like peptide-1 receptor agonist, on BP and heart rate were investigated using ambulatory BP monitoring. Patients (n=755; 56±10 years; 81% white; 48% women), with type 2 diabetes mellitus, taking ≥1 oral antihyperglycemic medication, with a clinic BP between 90/60 and 140/90 mm Hg were randomized to dulaglutide (1.5 or 0.75 mg) or placebo subcutaneously for 26 weeks. Ambulatory BP monitoring was performed at baseline and at 4, 16, and 26 weeks. The primary end point was change from baseline to week 16 in mean 24-hour SBP, a tree gatekeeping strategy compared the effects of dulaglutide to placebo. Both doses of dulaglutide were noninferior to placebo for changes in 24-hour SBP and diastolic blood pressure, and dulaglutide 1. 
G lucagon-like peptide (GLP-1) is an incretin hormone that stimulates insulin and suppresses glucagon secretion in a glucose-dependent manner, inhibits gastric emptying, and reduces appetite and food intake.
1 Native GLP-1 is short lived, but longer acting GLP-1 receptor agonists that enhance the incretin action and are effective in treating type 2 diabetes mellitus (T2DM) have been developed. Improvements in cardiovascular risk factors (such as decreases in systolic blood pressure [SBP] and body weight) have been reported with GLP-1 receptor agonists. 2 These findings, which are independent of glycemic effects, are important given that T2DM is associated with an increased risk for cardiovascular complications. 3 A reduction in SBP has been reported with the use of several GLP-1 receptor agonists. 2 In the Liraglutide Effect and Action in Diabetes (1-6) studies, which compared the effects of the once-daily GLP-1 receptor agonist liraglutide with other antidiabetic therapies, liraglutide reduced SBP by 2 to 6 mm Hg. 2 In a post hoc analysis of pooled data from 6 trials, patients treated with twice-daily exenatide had a significant 2.8 mm Hg reduction in mean SBP when compared with placebo (P<0.0002) and a 3.7 mm Hg reduction compared with insulin therapy (P<0.0001). 4 Neither drug had an effect on diastolic blood pressure (DBP), 2, 4 but a small (2-4 bpm) increase in heart rate (HR) has been observed with liraglutide and with a once-weekly formulation of exenatide. 2 However, these studies relied on clinic BP measurements, which may not accurately represent overall blood pressure values. Potentially useful data on hemodynamic effects, such as baseline hypertension status; use and changes in concomitant antihypertensive medications, hypertensive adverse events (AEs), and the timing of BP measurements in relation to dosing, were not reported. Despite these omissions, it has become widely accepted that GLP-1 receptor agonists reduce SBP.
Dulaglutide is a once-weekly GLP-1 receptor agonist that significantly improves glycemic control in patients with T2DM 5, 6 and has been shown to reduce body weight in many subjects. 6 The present study (NCT01149421) investigated the effects of dulaglutide on BP and HR during 26 weeks using 24-hour ambulatory blood pressure monitoring (ABPM) in patients with T2DM.
Methods

Study Design
The study was a randomized, double-blind, multicenter, placebo-controlled, 26-week trial designed to evaluate the effects of dulaglutide when compared with placebo on BP and HR in patients with T2DM with or without hypertension and BP<140/90 mm Hg. After a 2-week placebo screening and run-in period, eligible patients were randomly assigned using a computer-generated random sequence to injectable placebo or 1.5 or 0.75 mg of dulaglutide (1:1:1) once weekly for 26 weeks and followed up for an additional 4-week off-therapy. Study visits occurred approximately every 4 weeks through 16 weeks, and then at 26 weeks with interim phone follow-up. Randomization was stratified by site and hypertension status (previous diagnosis and the use of antihypertensive medications or a new diagnosis if SBP≥130 mm Hg or DBP ≥80 mm Hg on ≥2 separate days 7 versus normotensive).
Population
Patients were recruited from 76 centers in Argentina, Brazil, Canada, Czech Republic, Denmark, India, Puerto Rico, and the United States. Men and women ≥18 years of age with T2DM, a glycated hemoglobin A1c ≥7.0% and ≤9.5%, on ≥1 oral antihyperglycemic medication for ≥1 month (≥3 months if taking a thiazolidinedione), body mass index ≥23 kg/m 2 , and a stable body weight (±5% for ≥3 months), were included. Mean seated BP was required to be between >90/60 and <140/90 mm Hg, and patients with hypertension had to be taking ≤3 classes of antihypertensive medications (same regimen, ≥1 month). Exclusion criteria were a recent (<3 months) major cardiovascular event, mean seated HR<60 or >100 bpm, history of tachyarrhythmia, pancreatitis, clinically significant hepatic disease, renal impairment (estimated glomerular filtration rate ≤30 mL/min per 1.73 m 2 ), and the use of any GLP-1 receptor agonist (past 3 months), any dipeptidyl peptidase-4 inhibitor (past 2 weeks), or insulin. Night or rotating shift workers, pregnant or nursing women, and women of childbearing potential not using approved means of contraception were also excluded. Baseline oral antihyperglycemic medications were continued on study. Dose adjustments were allowed for glycemic management although thiazolidinedione doses could only be decreased; insulin initiation after randomization was permitted. No changes in antihypertensive therapy were allowed. If adjustments to the antihypertensive regimen were required, patients were discontinued from the study.
All patients provided written informed consent before initiation of study procedures. The ethics committees or institutional review boards of all participating sites approved the protocol. The trial was conducted in compliance with Good Clinical Practice guidelines and the ethical principles stated in the Declaration of Helsinki.
BP and HR Monitoring Assessments
Clinic BP and HR measurements were taken in triplicate after the patient was seated for 5 minutes using an automated digital BP recorder (Omron HEM 907 XL). The mean of the last 2 clinic readings at screening determined study eligibility; the mean of 3 readings was used for subsequent analyses. Every effort was made to ensure whether the clinic BP readings were taken before any procedures, including venipuncture.
Ambulatory BP measurements were obtained with the SpaceLabs 90207 monitor (SpaceLabs, Inc). All sites were trained and certified in selection of correct BP cuff size and use of the monitoring equipment. ABPM was performed during screening (baseline) and at 4, 16, and 26 weeks. Recordings were obtained 2 to 4 days after injection of study drug (the anticipated t max for dulaglutide). 5, 6 BP and HR were measured every 20 minutes between 0700 and 2200 hours and every 30 minutes between 2200 and 0700 hours. ABPM recordings were defined as valid with ≥22.75 hours of monitoring and 80% valid readings. If these criteria were not satisfied, the patient was asked to repeat the procedure, preferably within 24 hours. If the repeat recordings did not satisfy validation criteria, the data were considered nonevaluable. Measurements were blinded after monitor calibration.
Patients discontinued from the study if (1) SBP≥160 mm Hg or DBP≥100 mm Hg was confirmed on repeat evaluation in 1 week or (2) SBP ≥140 and <160 mm Hg or DBP ≥90 and <100 mm Hg was confirmed on ≥2 days 7 within 1 month that required additional antihypertensive therapy in the opinion of the investigator.
Additional Assessments
Additional safety measures included AEs, clinical laboratory data, physical examination findings, electrocardiographic data, and weight measurements (using a calibrated electronic scale according to the WHO STEPwise approach http://www.who.int/chp/steps/manual/ en/index3.html). Aldosterone, plasma renin activity, metanephrines and normetanephrines, high-sensitivity C-reactive protein, and N-terminal pro-brain natriuretic peptide values were parameters of special interest.
Statistical Analyses
The primary objective was to demonstrate that the changes from baseline in mean 24-hour SBP of patients treated with dulaglutide 1.5 mg and 0.75 mg were noninferior to changes in patients treated with placebo at 16 weeks. The 16-week time point was chosen to minimize any effect of weight reduction on BP. A sequential tree gatekeeping strategy was used to control the family-wise type 1 error rate. 8 Simultaneous noninferiority tests of dulaglutide 1.5 mg and 0.75 mg versus placebo were conducted with a multiplicity adjusted 1-sided α of 0.0135. If noninferiority between dulaglutide and placebo was achieved, then superiority testing was performed. The same strategy was implemented for analyses of mean 24-hour DBP and HR changes from baseline. Other measures were not adjusted for multiplicity and were conducted at a 2-sided α level of 0.05. The primary analysis used a mixed model repeated measure analysis based on the intent-to-treat population with pooled site, treatment, visit, treatment by visit interaction, and stratification variable (diagnosis of hypertension) as fixed effects and baseline mean 24-hour SBP as a covariate. Mixed model repeated measure analysis is a likelihood-based method to handle missing data (early discontinuation). Similar mixed model repeated measure models were implemented to analyze DBP, HR, pulse pressure, diurnal (0800-2100) and nocturnal (0000-0600) data, body weight, and glycated hemoglobin A1c. Categorical variables were analyzed with Pearson χ 2 test or Fisher exact test. Prespecified subgroup analyses were conducted for baseline categorization of age group (<65 and ≥65 years) and 24-hour ABPM SBP ≤130 mm Hg and DBP ≤80 mm Hg (yes or no).
A post hoc correlation analysis was completed for the effect of weight on 24-hour mean SBP; in addition, post hoc subgroup analyses were conducted for the effect of use versus nonuse of angiotensinconverting enzyme inhibitors and angiotensin receptor blockers, use or nonuse of β-blockers, and use or nonuse of diuretics, and renin inhibitors, on mean 24-hour SBP, DBP, and HR.
All statistical analyses were performed using SAS version 8.2 or higher. Assuming a SD of 10 mm Hg 9 for the mean change from baseline on 24-hour SBP, a 10% dropout rate, and no true treatment difference with a multiplicity adjusted 1-sided α of 0.0135, 693 patients would provide 80% power to demonstrate that dulaglutide 1.5 mg and 0.75 mg were noninferior to placebo using a noninferiority margin of 3 mm Hg. This sample size also provided ≈80% power to demonstrate that dulaglutide 1.5 mg and 0.75 mg were noninferior to placebo on by guest on August 30, 2017 http://hyper.ahajournals.org/ Downloaded from mean 24-hour DBP and HR changes from baseline using noninferiority margins of 2.5 mm Hg (assuming a SD of 8 mm Hg) 9 and 3 bpm (assuming a SD of 9 bpm), 10 respectively.
Results
Baseline Characteristics
A total of 755 patients were randomized; 87% and 83% completed 16 and 26 weeks of study, respectively ( Figure S1 in the online-only Data Supplement). The treatment groups were similar at baseline, except for duration of diabetes mellitus and history of cardiovascular disease (Table S1 ). Treatment compliance was >94% overall. Six patients discontinued because of hypertension (placebo, 4; dulaglutide 1.5 mg, 2). Baseline characteristics were similar between patients who completed the study and those who discontinued before 26 weeks (Table S2 ).
Changes in 24-hour Blood Pressure
The effects of dulaglutide and placebo on ambulatory BP at 4, 16, and 26 weeks are shown in the Table. The changes from baseline in 24-hour SBP and 24-hour DBP for each dose of dulaglutide were noninferior to placebo at 16 and 26 weeks. Dulaglutide 1.5 mg significantly reduced mean 24-hour SBP at 16 and 26 weeks (Table) when compared with placebo.
The circadian profile demonstrated a persistent decrease in 24-hour SBP with dulaglutide 1.5 mg at 16 weeks (Figure 1 ). Between-group comparisons for mean changes from baseline in diurnal (0800-2100) and nocturnal (0000-0600) SBP showed dulaglutide 1.5 mg significantly reduced daytime ( Figure 2A ) and nighttime SBP when compared with placebo. No significant-group differences were observed for diurnal or nocturnal DBP ( Figure 2B ). Reductions in mean 24-hour and diurnal and nocturnal pulse pressures were observed in patients treated with dulaglutide when compared with placebo ( Figure 2C ).
Findings by Age, Baseline BP, and Body Weight
No differences with regard to age (<65 and ≥65 years) were observed relative to treatment effects on mean 24-hour SBP or DBP (interaction P value, 0.271 and 0.555, respectively). Baseline data are presented as mean±SD, Δ is change from baseline. Changes from baseline data are presented as LSM±SE. ABPM indicates ambulatory blood pressure monitoring; CI, confidence interval; DBP, diastolic blood pressure; HR, heart rate; LSM, least squares mean; PP, pulse pressure; and SBP, systolic blood pressure. .00 for dulaglutide 1.5 mg, 0.75 mg, and placebo, respectively).
Changes in 24-Hour HR
The effects of dulaglutide and placebo on ambulatory HR are shown in the Table. Treatment comparisons of the changes from baseline in mean 24-hour HR showed that only dulaglutide 0.75 mg was noninferior to placebo at 16 and 26 weeks. A least squares mean increase in HR of 3 to 4 bpm versus placebo was observed with dulaglutide 1.5 mg. Similarly, small increases in diurnal and nocturnal HR were seen with dulaglutide 1.5 mg when compared with placebo ( Figure 2D ).
Treatment comparisons between dulaglutide 0.75 mg and placebo were significant at all time points during the nocturnal period but only at 4 weeks during the diurnal period ( Figure 2D ). At 16 weeks, no correlation was observed between change in mean 24-hour SBP and change in HR (r 2 =0.01, r 2 =0.00, and r 2 =0.04 for dulaglutide 1.5 mg, 0.75 mg, and placebo, respectively). 
Findings by Baseline Antihypertensive Agent
Cardiovascular Biomarkers and Glycemic Control
No significant changes from baseline were observed within or between the dulaglutide and placebo groups for serum aldosterone, plasma renin activity, plasma metanephrines and normetanephrines, or N-terminal pro-brain natriuretic peptide. There were no correlations between changes in 24-hour SBP and these analytes at 16 weeks. Changes from baseline in high-sensitivity C-reactive protein levels at 16 weeks were −0.98, −0.08, and 0.62 mg/L for dulaglutide 1.5 mg (P<0.001 versus placebo), dulaglutide 0.75 mg, and placebo, respectively. The mean (SD) glycated hemoglobin A1c at baseline was 7.9±0.8% for all treatment groups combined. Glycated hemoglobin A1c was reduced −1.1±0.1% and −1.0%±0.1% in the dulaglutide 1.5 mg and 0.75 mg groups at 16 weeks, respectively, when compared with −0.1±0.1% in the placebo group (least squares mean±SE; P<0.001 each comparison).
Adverse Events
The percentage of patients reporting ≥1 AE was similar across groups (61.4%-64.8%). The most frequently reported AEs were gastrointestinal and included (dulaglutide 1.5 mg, 0.75 mg, and placebo, respectively) diarrhea (12.4%, 9.1%, and 7.6%), nausea (13.5%, 7.1%, and 6.0%), and vomiting (7.6%, 4.3%, and 4.0%). There were 9 AEs (dulaglutide 1.5 mg, 0.75 mg, placebo, respectively) of hypertension (3, 1, and 5), 2 AEs of BP increase (0, 1, and 1), 1 event of labile hypertension (0, 1, and 0), and 3 events of sinus tachycardia/tachycardia (2, 1, and 0), no reports of pancreatitis, and no deaths. There were no differences in overall or cardiac SAEs.
Discussion
This prospective, randomized clinical study used ABPM to assess the effects of an investigational once-weekly GLP-1 receptor agonist, dulaglutide, on BP and HR in patients with T2DM during 26 weeks of treatment. Enrollment was stratified for diagnosis of hypertension and, when present, hypertension was required to be controlled (BP value between 90/60 and 140/90, taking 3 or fewer antihypertensive medications). Dulaglutide doses of 1.5 mg and 0.75 mg, the same doses tested in phase 3 efficacy and safety trials, were shown to be noninferior to placebo for reductions in mean 24-hour SBP and DBP. Dulaglutide 1.5 mg also significantly reduced mean 24-hour SBP by ≈3 mm Hg, an effect that persisted throughout the 26-week treatment period. The lowering in SBP was evident at 4 weeks, the earliest time point measured, and a time when dulaglutide concentrations were at steady state. Consistent with these findings, a reduction in mean 24-hour pulse pressure was observed in patients treated with dulaglutide.
In a single-dose study in healthy subjects, 5 dosedependent increases in clinic DBP were reported at dulaglutide doses ranging from 3 to 12 mg, but no effects on clinic BP were observed in subsequent studies in patients with T2DM. 6, 11, 12 Nevertheless, more recent analyses of phase 3 data from other GLP-1 receptor agonists suggest that these agents may lower clinic SBP. 2 This ABPM trial using repeated 24-hour data may provide the most definitive evidence to date about the effects of a GLP-1 receptor agonist on BP, providing a full characterization of the diurnal and nocturnal effects in patients with T2DM and controlled blood pressure.
The mechanism(s) of action by which GLP-1 or GLP-1 receptor agonists may affect BP remain uncertain. In rodents, GLP-1-mediated increases in HR and BP seem to involve both central and peripheral nervous system pathways, require intact vagus nerve transmission, and may involve vasopressin release.
13-15 GLP-1 and its degradation product GLP-1 may cause vasodilation through GLP-1 receptordependent and independent pathways. 16, 17 GLP-1 may act on the kidney and affect BP, based on diuretic and natriuretic effects observed in rats and humans. [18] [19] [20] [21] [22] Recently, Kim et al 23 showed that activation of GLP-1 receptors expressed in the cardiac atria of rodents promotes secretion of atrial natriuretic peptide, resulting in a reduction in blood pressure. In the present study, the potential modulation of BP effects through the renin-angiotensin-aldosterone system and neurohormonal mechanisms was investigated. No significant changes in serum aldosterone, plasma renin activity, plasma metanephrines and normetanephrines, or N-terminal pro-brain natriuretic peptide were observed, suggesting that these mechanisms are not involved although the frequency of these measures may not have been sufficiently sensitive. Weight reduction has been shown to lead to BP lowering. 24, 25 Although in the current study no significant correlations were found between weight loss and ambulatory BP, the effect of weight loss cannot be entirely dismissed as a potential mechanism.
Another key finding of this study is that dulaglutide is associated with small increases (2-4 bpm) in HR, as reported in previous studies and with other GLP-1 receptor agonists. 2, 5, 6, 11 These changes persisted throughout the 24 hours. Whether this small increase in HR is in response to the reduction in BP, or is the result of other mechanisms, remains to be investigated. These effects may be mediated by direct actions of GLP-1 receptor agonists on the heart, sympathetic mechanisms, or both. 26 The clinical relevance of a small increase in HR in patients with T2DM, that remains within the normal accepted range, is not known.
Perspectives
In this study, we showed that dulaglutide 1.5 mg resulted in a 2 to 3 mm Hg reduction in SBP, and a 3 to 4 bpm increase in 24-hour HR in patients with T2DM. These findings were evident by 4 weeks and persisted throughout 26 weeks. No major AEs were reported that might be associated with the observed changes. Given the heightened concerns about the cardiac safety of new antidiabetic drugs, the effect of dulaglutide on blood pressure is in the desired direction. The clinical significance of the increase in HR remains unknown. What Is New?
• This was a large, randomized placebo-controlled ambulatory blood pressure monitoring study designed to assess the effects of dulaglutide, a glucagon-like peptide-1 receptor agonist, on blood pressure and heart rate.
What Is Relevant?
• Both doses of dulaglutide were noninferior to placebo for changes in 24-hour systolic and diastolic blood pressure, and dulaglutide 1.5 mg significantly reduced systolic blood pressure (P≤0.001). The 0.75-mg dose was noninferior to placebo for 24-hour heart rate. Dulaglutide 1.5 mg was associated with a small increase in 24-hour heart rate. 
